Abstract: Aging is often accompanied by cognitive impairments and influenced by oxidative status and chemical imbalances. Thus, this study was conducted to examine
Introduction
Age-related neurological conditions have been linked to oxidative stress, which appears to have an important role in the cognitive decline responsible for reducing the quality of life in elderly [1, 2] . Oxidative stress (OS) is defined as the imbalance between production of reactive species and antioxidant defenses [3] . The brain is especially vulnerable to oxidative stress because of its high oxygen consumption, high concentration of polyunsaturated fatty acids that are highly susceptible to lipid peroxidation and low antioxidant levels compared to other organs, among other factors that can result in increased production of reactive oxygen species (ROS) [2] [3] [4] . These ROS are highly reactive and may damage biomolecules, which possibly leads to dysfunction or cell death [2, 4] .
Recent studies have shown that, in addition to genetic factors, environmental factors are able to impact on the development of neurodegenerative disorders [1, 5] . It has been suggested that exposure to metals is associated with behavioral disorders [5] . Indeed, the elderly population is faced with chemical imbalances, since some elements can accumulate in the body [6] . Metals are natural elements, ubiquitous in the environment [7] , therefore, there are different sources of human exposure, such as food, contaminated water, indoor and outdoor air pollution [8] . While some metals are essential to health [7] , others have no known physiological importance, and induce toxicity to humans by disrupting the homeostasis and often promoting OS [9] . Chronic exposure to metals, such as Pb, has been shown to decrease the δ-aminolevulinate dehydratase (ALA-D) activity [10] . In addition, studies have reported that ALA-D activity may be decreased in chronic diseases associated with OS [4, 11, 12] . However, it remains unclear whether the decreased ALA-D activity is involved in the age-related cognitive decline.
ALA-D is a zinc metalloenzyme proposed as a marker for OS, whose sulfhydryl groups are highly sensitive to oxidation by pro-oxidant elements, leading to reduced enzyme activity [13, 14] . ALA-D catalyses the synthesis of tetrapyrrolic compounds such as billins and hemes [11] , therefore its inhibition impairs heme biosynthesis and leads to the accumulation of the substrate δ-aminolevulinic acid (ALA), which exacerbates ROS production [15] . Different effects in the nervous system have been reported for ALA; however, the exact mechanism of neurotoxicity is still controversial. Considering the importance of understanding the pathophysiological mechanisms involved in the cognitive decline, this study aimed to evaluate whether cognitive deficit could be associated with ALA-D inhibition, as well as to verify the influence of some metals as additional factors in the enzyme activity and cognitive performance in the elderly.
Methods

Study Population
Initially, 80 elderly subjects (aged ≥ 60 years) and 40 young adults (age range 25-35 years) were recruited in Porto Alegre, Brazil. The exclusion criteria applied were the existence of diagnosed diseases such as cancer, congenital neurological or psychiatric pathologies, or neurological disease, or subjects with low Vitamin B12 levels, or with difficult verbal communication, or with vitamin supplementation, or gastrectomized individuals or those who used parenteral nutrition. Besides, all volunteers were non-smokers. After the exclusion criteria, 70 subjects qualified to proceed in the study. The elderly group consisted of 50 participants, while the young group consisted of 20 participants. Both groups simultaneously underwent equivalent examinations and procedures. This study was conducted in three stages. First, a questionnaire for survey of sociodemographic variables, scolarity, general health and lifestyle was applied to all participants in individual interviews. Subsequently, the collection of blood samples was performed in the second stage. Finally, the third stage occurred in the following days, in which interviews for the application of the cognitive tests by psychologists were conducted. All stages were previously scheduled and subjects who failed to collect samples or participate in any stage of the study were also excluded. The local ethics committees approved all the procedures described in this report (Federal University of Rio Grande do Sul-UFRGS No. 15146; Clinical Hospital of Porto Alegre-HCPA No. 110171). Written informed consent was obtained from all volunteers prior to any study procedures.
Sample Collection
Venous blood samples were collected from all subjects under fasting conditions into heparinized tubes, EDTA-containing tubes and tubes without anticoagulant. For the measurement of δ-aminolevulinate dehydratase (ALA-D) enzymatic activity and reactivation, whole blood collected with heparin was used, which was kept at −80 °C until analysis. Whole blood collected with EDTA was used for hematological analysis and were performed immediately by automated method in Sysmex XS 1000i-Hematology Analyzer (Sysmex Co., Kobe, Japan). Serum samples were obtained by centrifugation at 1500 g for 10 minutes at 4 °C, and were used to determine essential metals, whereas toxic metals were assessed in whole blood collected with heparin. All samples were kept under refrigeration until analysis.
ALA-D Activity and Reactivation
ALA-D activity and index of reactivation were measured in whole blood by spectrophotometry according to Sassa [16] . Enzyme activity was determined by rate of porphobilinogen (PBG) formation in the presence (concentration 2 mM) or absence of dithiothreitol (DTT). Previously hemolyzed samples were pre-incubated for 10 min, and the enzymatic reaction was started by the addition 4 mM δ-aminulevulínic acid (ALA) in potassium phosphate buffer (TFK) pH 6.8 for 1 h at 37 °C. For the index of reactivation, the only difference was the addition of 2 mM DTT before pre-incubation. DTT is a reducing agent able to reactivate the blood ALA-D enzyme when it is inhibited due to oxidation of -SH groups, thus, the activity measured in its presence was used to calculate such index. The product from both reactions was quantified at 555 nm and the ALA-D activity was expressed in U·L
Hb) and the index of reactivation expressed as percentage (%).
Determination of Metals
The essential metals: iron (Fe), zinc (Zn), copper (Cu) and selenium (Se) were quantified in serum samples. The non-essential: lead (Pb), cadmium (Cd), mercury (Hg), arsenic (As), chromium (Cr), nickel (Ni) and vanadium (V) were evaluated in whole blood. For their quantification, 1 mL of 65% ultrapure nitric acid (HNO3) was added to 500 µL of sample (whole blood or serum) in a polypropylene digestion tube. After, the mixture was digested by heating at 95 °C for 4 h. Extracts were cooled at room temperature and the volume was made up to 10 mL with ultrapure water. Trace elements were analyzed by inductively coupled plasma-mass spectrometry (ICP-MS; PerkinElmerSciex, MA, USA) [17] . The internal standard added was Rh (400 μg·L . The limits of detection (LOD) and quantification (LOQ) were calculated based upon the standard deviation of the calibration blanks (n = 10): three times the standard deviation for the LOD (or 10 times for the LOQ), divided by the slope of the calibration curve. Precision and accuracy were established through calibration standards and routinely the intermediate standard solution was used, being analyzed every 15 samples. Thus, for differences higher than 10%, a new calibration was applied.
Cognitive Assessment
Cognitive assessment was carried out by a psychologist and the research protocol was composed by tests adapted from CERAD Neuropsychological Battery (Consortium to Establish a Registry for Alzheimer's Disease). This Neuropsychological Battery, designed to assess cognitive impairment in Alzheimer and related diseases, consists in different tasks that assess different cognitive domains [18] . In this study, the following tasks were used: Mini-Mental State Examination (MMSE), Word List Memory, Praxis Recall and Trail Making Test (TMT). In addition, Digit Span was used as complementary instrument.
Mini-Mental State Examination (MMSE)
Screening used as a measure of general cognitive function in patients with suggestive dementia [19] . The application of this test followed the instructions proposed by Brucki et al. [20] for the Brazilian population. The maximum score for this test is 30 points.
Word List Memory
This test allows an assessment of verbal memory. A list of 10 words is presented, requested to be read aloud (rate of presentation of 2 seconds each). Then, the recollection of words is requested. This procedure is repeated twice more, but the words were presented in different orders. The score is obtained by the sum of the words recalled in the three trials (maximum of 30 points) [18] .
Praxis Recall of CERAD
It is used to evaluate the visual memory. Four drawings (circle, diamond, overlapping rectangles and cube) are presented and participants are asked to copy within a maximum of two minutes. After, participants are asked to recall the figures previously drawn. The score is obtained by the sum of the quality of this recall (maximum of 11 points) [18] .
Trial Making Test (TMT)
The test was performed on Forms A and B. In the form A, numbered circles from 1-25 are shown, which must be connected by a continuous line. In form B, numbers (1-13) and letters (A-L) should be alternately joined (1-A, 2-B, etc.). The time limit is 5 minutes. The unit of measurement is the time in seconds spent in each form. Attention and mental flexibility are measured with forms A and B, respectively [18] .
Digit Span
A version of the Wechsler Adult Intelligence Scale-III Ed (WAIS III) [21] , translated and adapted to Brazil by Nascimento (2005) [22] was used to assess attention and working memory. The participant is asked to repeat a sequence of numbers in forward and backward. The raw score is the sum of the correct sequence repeated (maximum of 30).
Statistical Analysis
Analysis of the data was performed using a statistical software SPSS (Statistical Package for the Social Sciences, version 18). Comparisons between groups were achieved by Student's t-test and Mann-Whitney U-test, according to the distribution of the variable. Analysis of Covariance (ANCOVA) was used to compare the cognitive performance between the two study groups controlling for scolarity. Pearson's or Spearman's rank correlation tests were used to evaluate the relationship between variables. Multiple linear regression models were applied to identify the relative contribution of ALA-D activity and the contribution of metals on cognitive function, adjusting for potential confounding factors such as age, scolarity and gender. Given that Pb is an inhibitor of ALA-D, the influence of this metal was also considered in the model that studied the association of this enzyme with cognitive performance. A separate model was used for each combination of dependent and independent variable. Regression analyses were also applied to evaluate whether ALA-D is influenced by metals, using as covariates age, scolarity and gender. Variables with non-normal distribution were base 10 log transformed to be included in multiple regressions. Values of p < 0.05 were considered significant and results were expressed as mean ± standard error mean (SEM).
Results
The characteristics of the studied groups are described in Table 1 . The older population, elderly group, presented lower educational status. Mean hemoglobin levels found in both study groups were within the reference range, which is 12.0-17.8 considering the minimum and maximum values for both genders and age groups [23] , and no significant difference was found between the groups (p > 0.05). Moreover, in both groups, male subjects corresponded to ~40%, whereas female subjects accounted for ~60% of each group. The predominance of women probably is due to the higher longevity of women combined with higher rates of male mortality [24] . ALA-D activity is shown in Table 1 . The elderly group had lower ALA-D activity when compared to the young group (p < 0.01). Additionally, the involvement of -SH groups in ALA-D inhibition was examined by testing the effect of dithiothreitol (DTT) on the enzyme. In this test, the ability of DTT to recover blood ALA-D activity caused an increase in the enzyme activity of the studied subjects, but even with this increase, the enzyme activity remained lower in elderly (p < 0.05; Table 1 ). In addition, ALA-D reactivation index (%) was higher in the elderly than the young subjects, but was not statistically significant (p > 0.05; Table 1 ). With regard to cognitive function, the elderly showed reduced performance compared to the young group in the different instruments applied (Table 2) . While young subjects performed accurately on all tasks, the elderly performed poorly, performing the worst in the MMSE and in tests that require visual memory and mental flexibility, i.e., Praxis Recall and TMT B, respectively (p < 0.05). Although not all assessed tests showed statistical difference when controlled by scolarity, their scores were clinically different, being relevant to early cognitive decline. Indeed, the elderly presented MMSE scores below 27 points, which suggests cognitive impairment [19] . In addition, all cognitive functions evaluated were correlated with ALA-D activity (data not shown), however, when variables were adjusted for age, scolarity, gender and blood Pb, it was possible to observe a positive association between working memory and ALA-D activity (Table 3) . According to regression analysis (Table 3) Table 4 . Metal levels in serum and whole blood of the studied subjects. The levels of essential and toxic metals were described in Table 4 . No significant difference was observed between groups, except for Pb, which was increased in the elderly compared to young (p < 0.05). Nevertheless, the mean levels of blood Pb were within the reference values proposed by the World Health Organization (WHO) [25] , as well as As and Ni levels. Moreover, although some subjects have shown low levels of essential metals, the average of these metals for both study groups was also in accordance with the reference range, except for Fe. Iron and the other toxic metals: Cd, Hg, Cr and V were above the levels recommended by WHO in both studied groups.
Spearman's rank correlation tests demonstrated that higher levels of different toxic metals were associated with poorer performance on many of the cognitive instruments (data not shown). However, after the regression analysis including potential confounders, only Hg and V remained associated with cognitive decline. Regression models adjusted for age, scolarity and gender, showed that the increase of Hg levels was associated with increased time required to perform the TMT A test (R No relation was found between metals and ALA-D activity in the present study (p > 0.05); however, regression models showed that toxic metals were negatively associated with ALA-D reactivation. The regression models are shown in Table 5 . 
Discussion
Cognitive screening instruments in this study indicated that the elderly had, in general, lower performance compared to younger subjects. The poor performance in the classical and global cognitive screening instrument, MMSE, indicates cognitive decline [19] , which is consistent with the impairment observed in the other tests that assessed specific cognitive functions. Particularly, the elderly showed reduced skills of visual memory and mental flexibility. Cognitive decline is a matter of concern since it interferes in the execution of social and occupational activities [26] , progressing to the loss of functional capacity or autonomy, and resulting in decreased quality of life in old age [27] . In aging and in different chronic degenerative diseases [11, 12] , the involvement of oxidative stress has been reported [2, 28] . In our study, an inhibition of ALA-D activity was found in the elderly group compared to the young group (p < 0.01). This finding is in agreement with previous reports from Baierle et al. (2010) and Paniz et al. (2007) [15, 29] . Inhibition of this enzyme may lead to two different consequences: impaired heme biosynthesis and accumulation of its substrate ALA [30] .
Regarding heme biosynthesis, the mean levels of hemoglobin in the elderly group were within the reference values [23] and were not significantly different from the levels found in the young group. Dietary antioxidant micronutrients may act reversing ALA-D enzyme inhibition, thus the heme biosynthesis pathway is hardly compromised. On the other hand, the inhibition caused by toxic metals, such as Pb, acts in the displacement of the cofactor Zn from ALA-D's active site, instead of a direct oxidation of the enzyme's thiol groups [14] , contributing to the impairment of the heme biosynthesis pathway. Furthermore, metals per se may be toxic to the hematopoietic system, interacting with other important enzymes of this pathway, like δ-aminolevulinic acid synthetase and ferrochelatase [30, 31] .
In the second situation, ALA once accumulated may be responsible for harmful effects. Princ et al. (1998) demonstrated that the potential pro-oxidant compound ALA induces cerebral oxidative stress in rats and ALA-D inhibition in a vicious cycle [32] . ALA toxicity has been related to ROS generation [30, 33] , responsible for oxidative lesions in mitochondrial membrane thiol proteins and other biomolecules [30] .
In addition, the present findings demonstrated that the decrease in cognitive function was accompanied by ALA-D inhibition. According to regression analysis, even after adjustment for potential confounding factors, higher ALA-D activity is associated with better cognitive performance on Digits Span, a task of working memory. Moreover, the enzyme reactivation index was negatively associated with the Praxis Recall test, which evaluates visual memory, showing that the enzyme inhibition represented by higher reactivation is associated with inability to perform this test. Therefore, such associations could be related with the neurotoxicity of the substrate ALA [34, 35] , which has inhibitory effect for some synapses [34] .
Previously, a number of in vitro and in vivo studies have demonstrated the neurotoxicity of ALA mediated by effects on the GABAergic system [36] [37] [38] . However, this involvement was not entirely clear since some studies found slight and questionable effects [39, 40] , while other studies showed effects only at high concentrations of ALA [41, 42] , which would not normally be found in CNS diseases [36] . Despite the fact that ALA is an analogue to the neurotransmitter γ-aminobutyric acid (GABA), Emanueli et al. (2001) suggested that its effects did not involve the activation of GABA receptors [43] . In contrast, it was demonstrated that ALA significantly decreases the basal production of the second messenger cyclic adenosine-monophosphate (cAMP) in rat cerebellar membranes, possibly by a direct inhibition on the adenylate cyclase (AC) catalytic subunit [43] . Besides, these authors showed that antioxidants such as glutathione, ascorbate and trolox completely prevented the AC inhibition, evidencing that oxidative alterations of enzyme are responsible for ALA's effects [43] . ALA may cross the blood-brain barrier [30] and there is evidence that the measures of oxidative stress in peripheral blood samples may reflect what is occurring in the brain [44] . Hence, we believe that inhibition of ALA-D and the possible ALA accumulation have led to the neurobehavioral effects observed in this study.
With regard to metal levels, the average of essential metal in both study groups was in accordance with WHO recommendations [25] , however, it is known that several factors may potentially increase the risk of mineral deficiency, especially in elderly people [45] , although no differences were found between both groups. Moreover, the reference values set for adults may differ from those physiologically required for the elderly. On the other hand, the mean levels of Fe and the most nonessential metals in both groups were above the reference values established by WHO [25] . High levels of toxic metals, such as Cd, Hg, Cr and V, are harmful and there may be no safe threshold [8] . In fact, metals concentrations in tissues and body fluids are influenced by age, dietary availability and environmental factors [46, 47] . Therefore, the comparison of blood metal levels with other studies, even with Brazilian people is limited, since it is a country that has large territorial extent with natural and regional differences, including variation of dietary habits [48] .
According to multiple linear regression analysis, increased levels of V were predictors of worse cognitive performance in MMSE. In addition, higher Hg levels were responsible for impaired performance in TMT A and B tasks, in other words, Hg levels were predictors of the limited attention and reduced mental flexibility. In contrast, Se was associated with greater agility in performing the TMT A, demonstrating a possible involvement with the attention parameter. Neurotoxicity from excess brain exposure to Hg and especially methyl mercury, may be caused by binding to sulfhydryl groups and blocking calcium channels, interfering in the normal neuronal functioning [9] . On the other hand, V is a component of fine particulate matter found in air pollution and has been recently associated with respiratory and cardiovascular diseases due to its influence on inflammation and oxidative stress [49] ; however, reports about the effect of V exposure on adult cognition are limited. Regarding Se, similar results were found by Gao et al. (2007) , who observed an association between decreased Se levels and lower cognitive scores in Chinese elderly [50] . This element is considered to be a protective agent against ROS through enhanced activity of enzymes such as glutathione peroxidase [51] . Actually, low levels of this essential trace element have been associated with increased risk in various age-related diseases [25] .
Several studies have reported the adverse effects on cognitive function caused by Pb exposure [35, 52] . Although such association was not found in the present study, it was already reported in children [53] and in old women [54] , even at Pb concentrations below the current level of concern, which is 100 µg·L −1 , implying that there is no safety margin for exposures [53] . Furthermore, studies evaluating Pb intoxication [35, 52] have provided evidence that polymorphisms in the ALA-D enzyme may play an important role in this process, especially on cognitive effects; however, the pattern on how the different genotypes act is still controversial [34, 35, 52, 55, 56] and more studies become necessary considering the genetic predisposition of the individuals [55] . In the present study, no association between metal levels and ALA-D activity was found, although ALA-D inhibition by soft electrophiles, such as Hg and As, has already been reported [14] . However, when DTT was used to revert the ALA-D inhibition induced by oxidizing agents, an enzymatic reactivation was demonstrated in the subjects, especially in the elderly. These results indicate that oxidation of essential thiol groups is involved in ALA-D inhibition because DTT was, in part, effective to counteract enzyme inhibition.
Although DTT reactivated ALA-D in the elderly, seen by the ALA-D activity with DTT, it was still lower than that of the young group, which indicates that mechanisms other than oxidation of -SH groups are possibly involved in enzyme inhibition [13] . The decrease in ALA-D activity that was not reverted by DTT could be related to oxidation of other amino acid residues or even to action of metals. This is supported by the inverse association found in the regression models between the enzyme reactivation with DTT and the metals Pb, Hg, As, Cr, Ni, V and Fe, since lower reactivation index with this reducing agent was accompanied by increased levels of metals. Indeed, some metals have high affinity for thiols, and may strongly bind to the active site of ALA-D [14] , displacing the cofactor Zn and preventing the correct functioning of the enzyme, even with mean Zn levels within the reference value as observed herein. DTT could be unable to disrupt strong binding, then the enzyme remains inhibited.
Pb is bulkier than Zn, impeding the correct interaction with amino acid residues and the substrate in the active centre of ALA-D [57] , showing that in addition to the affinity for thiols, other factors such as steric conflict and secondary bond energy interactions could contribute to inhibition of ALA-D by different metals [14] . In this context, the molecular interaction of As with ALA-D has not been fully clarified, but it is speculated to have similar action as Pb [14] . Studies indicate that Hg binds to the same region as Zn and Pb, but with stronger affinity than those, then the reactivation is further complicated [58] . Particularly, Fe participates in reactions of ROS generation which may hinder the reactivation [59] .
Considering the discussed above, the present results suggest that these metals may also influence on ALA-D inhibition throughout life, and this could be indirectly associated to the cognitive effects observed in the elderly, but this chronic inhibition has caused no hematological disorders. Finally, the present findings can be used to provide information regarding blood and serum metal levels in Brazilian elderly and young adults, which are relatively scarce; however, there were some limitations such as the relatively small sample size and the complexity of the aging process, which is a multifactorial process.
Conclusions
In conclusion, this study suggests that activity of ALA-D enzyme could be a factor linked to the decline of the domain of working memory evaluated by Digit Span test. ALA-D reactivation index was negatively associated with Pb, Hg, As, Cr, Ni, V and Fe levels, suggesting that they contribute to the inhibition of the enzyme. Additionally, increased levels of Hg were associated with reduced mental flexibility and attention, while increased levels of V were associated with poor global cognition. Once age-related cognitive decline is not fully elucidated, further studies involving ALA-D enzyme activity, other reactivating agents and metals influence may be relevant to better understanding of the loss of cognitive function during aging, since a combined exposure to metals during the course of life is probably inevitable.
